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Abstract 
In general, there are limited experimental reports on the shear resistances of typical interfacial shear connections of 
headed shear studs and solid concrete slabs with local aggregates in Hong Kong. Moreover, while it is commonly 
reckoned that the presence of any tensile force in the headed shear stud will reduce its shear resistance significantly, 
there are few test data in the literature on combined shear and tensile resistances of headed shear studs in solid 
concrete slabs. Hence, in order to provide technical guidance and design data on the structural behaviour of the 
interfacial shear connections for construction in Hong Kong, a total of twelve push-out tests were carried out to 
obtain the shear resistances of the shear studs in i) standard push-out tests where the shear studs are under direct shear 
force, and ii) modified push-out tests where the shear studs are under combined shear and tension. It should be noted 
that the standard test arrangement recommended by Eurocode 4 is adopted, and headed shear studs with a diameter of 
19 mm and solid slabs with Grade 30 concrete are used. Details of the tests as well as the test results are presented in 
the paper. Moreover, the load-slippage curves of the test specimens are analyzed rationally to provide two 
standardized load-slippage curves to describe the structural behaviour of the connections during the entire loading 
ranges. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
In composite structures, shear connectors are essential to transmit longitudinal shear forces at the 
interfaces between concrete slabs or cores and steel sections in order to ensure that the concrete and the 
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steel sections act as integral members in resisting applied loads. The most widely used shear connectors in 
building construction are headed shear studs, and an effective interfacial shear connection between a 
headed shear stud and surrounding concrete is required to possess the following:  
a)  a high translational rigidity, Ks , in such a way that half of the shear resistance, 0.5 Qm , is readily 
mobilized before a slippage, s, of 0.5 mm is achieved; 
b)  a high shear resistance, Qm, which is fully mobilized before a slippage, s, of 5 to 6 mm is achieved 
with little concrete crushing; and 
c) a high residual shear resistance, Qu, which is not smaller than 0.8 Qm at a large slippage, s, of  7 to 8 
mm with a limited extent of concrete crushing and cracking. 
Typical load slippage curve of an effective interfacial shear connection is shown in Figure 1. It should be 
noted that the heads of the shear studs are required to prevent separation between the concrete and the 
steel sections at large deformations. 
 
 
 
 
 
 
 
 
 
It should be noted that the design approach widely adopted in many modern steel codes to determine 
the static shear resistances of headed shear studs is based on the research work performed by Ollgaard et 
al. (1971). In both Eurocode 4 (BSI 2004) and the Hong Kong Steel code (BD 2005), the shear resistance 
of each headed shear stud is the smaller of the two values obtained from the following equations: 
20.29m c cmQ d f E  (1a) 
or 
20.8 ( / 4)m uQ f dS  (1b) 
where fc is the concrete compressive strength; Ecm is the mean elastic modulus of the concrete; d is the 
diameter of the stud shank; and fu is the tensile strength of the stud shank. However, the value of Ecm is 
given by: 
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Figure 1: Typical load-slippage characteristics of an interfacial shear connection 
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where 
 fcy  is the cylinder strength of the concrete, and  
 fcu  is the cube strength of the concrete. 
These expressions represent a difference of about 20 to 30 % in the elastic modulus of the concrete in 
different geographical locations owing to the use of local aggregates. Hence, it is necessary to carry out 
tests to provide design data on the shear resistances of interfacial shear connectors whenever different 
concrete materials are used. 
2. Objectives and scope of work 
In general, there are limited experimental reports on the shear resistances of typical interfacial shear 
connections of headed shear studs and solid concrete slabs with local aggregates in Hong Kong. 
Moreover, while it is commonly reckoned that the presence of any tensile force in the headed shear stud 
will reduce its shear resistance significantly, there are few test data in the literature on combined shear 
and tensile resistances of headed shear studs in solid concrete slabs (MacMackin et al, 1973). Hence, in 
order to provide technical guidance and design data on the structural behaviour of the interfacial shear 
connections for construction in Hong Kong, a total of twelve push-out tests were carried out to obtain the 
shear resistances of the shear studs in i) standard push-out tests where the shear studs are under direct 
shear force, and ii) modified push-out tests where the shear studs are under combined shear and tension. 
3. Experimental Investigation 
In the present study, two series of push-out tests were carried out to obtain the load-slippage curves of 
typical interfacial shear connections using headed shear studs of 19 mm diameter and solid slabs of Grade 
30 concrete as follows: 
3.1 Standard push-out tests on Series A1 and A2 
For the simple shear loading condition, the testing arrangement provided in Eurocode 4 (BSI 2004) 
was adopted, as shown in Figure 2a. It should be noted that large concrete slabs were used in the test 
specimens with two rows of shear connectors, allowing significant load distribution within the test 
specimens, whenever necessary. 
3.2 Modified push-out tests on Series B1 and B2 
In order to apply both shear forces and pull-out forces to the shear studs consistently during the entire 
loading range, the standard testing arrangement mentioned above was modified in such a way that the 
interfaces between the steel sections and the concrete slabs are inclined, as shown in Figure 2b. The angle 
of inclination, ș, is assigned to be 15o so that the pull-out force is always equal to 0.267 of the shear force 
at each shear stud during the entire loading range. 
The test programme is summarized in Table 1. It should be noted that most of the test specimens were 
subjected to a limited number of low magnitude cyclic loads in order to examine the consistence of their 
load-slippage behaviour. The applied loads were steadily applied in a load control manner, and all the 
tests were terminated after a load reduction of 20% of the maximum applied loads were recorded. 
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Figure 2: Push-out tests 
Moreover, the instrumentation of the tests was not only to measure the slippages of the test specimens 
at various locations, but also to monitor any tilting of the test specimens as a whole. If there was 
excessive tilting during the tests, the forces among the shear studs would not be evenly distributed, and 
hence, the shear resistances of the connections would be significantly under-estimated. 
Table 1: Test programme and test results 
Series 
Load 
Procedure 
Test 
No. 
fcu 
(N/mm2) 
Qm 
(kN) 
Ș =    
35/fcu 
Ș Qm 
(kN) 
sm 
(mm)
su  (mm) 
Strength 
Degradation 
A1 CLP 1 37.15 125.7 0.94 118.4 7.0 9.7 CF 
 LP40 2 37.60 124.2 0.93 115.6 6.1 9.0 CF 
 LP40 3 37.69 122.6 0.93 113.9 6.4 9.1 CF&SF 
A2 LP40+LP75 4 38.52 142.6 0.91 129.6 7.2 8.6 CF&SF 
 LP40+LP75 5 38.53 135.6 0.91 123.2 6.1 7.5 CF&SF 
 LP40+LP75 6 38.55 132.7 0.91 120.5 6.3 8.8 CF&SF 
B1 CLP 7 38.13 110.7 0.92 101.6 8.0 10.6 CF 
 LP40 8 38.22 113.3 0.92 103.8 9.4 10.7 SF 
 LP40 9 38.40 113.6 0.91 103.5 9.4 10.3 SF 
B2 LP40+LP75 10* 38.40 104.9 0.91 95.6* 6.5 9.9 CF&SF 
 LP40+LP75 11 38.42 118.0 0.91 107.5 6.8 10.6 CF&SF 
 LP40+LP75 12 38.45 117.6 0.91 107.0 7.2 10.2 CF&SF 
Notes: 
Qm  is the measured shear resistance per connection. 
Ș  is the correction factor which is used to normalize the shear resistance into the strength of concrete at 35N/mm2. 
sm  is the slippage of the connection when Qm is fully mobilized. 
su  is the slippage of the connection when Qu or 0.8 Qm is reached. 
CF  means the curve falls down gradually owing to extensive cracking and crushing of the concrete. 
SF  means the curve drops off suddenly owing to fracture of the shear studs. 
*  Test 10 was discarded in subsequent analysis due to excessive tilting of the specimen. 
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4. Test results 
4.1 Material properties 
In order to simulate the concrete casting procedure of concrete slabs in practice, all the concrete of the 
test specimens were cast in a horizontal position, hence the test specimens were cast in two batches. A 
total of 24 concrete cube tests were also carried out to obtain the compressive strengths of the concrete, 
and the average compressive strengths of these two batches of concrete were taken to be the concrete 
compressive strengths of the concrete slabs. In general, the test results were found to be fairly consistent 
with a typical value of 38 N/mm2. Moreover, a total of six cylinder tests were also conducted to obtain the 
elastic modulii of the concrete, and they were found to be 24.7 kN/mm2, which was very close to the 
design data provided in the Hong Kong Steel Code (BD 2005). Furthermore, three tensile tests on the 
coupons of the shear studs with a length of 40 mm and a diameter of 8 mm were also conducted. The 
average value of the tensile strength of the stud steel was found to be 526 N/mm2. 
4.2 Load-slippage curves and modes of failure 
The load-slippage curves of all the test specimens are presented in Figures 3 and 4 for both Series A 
and B respectively. In general, it was found that different loading procedures had little effect on the load-
slippage curves of the test specimens. Moreover, after mobilizing the shear resistances of the connections, 
the load-slippage curves exhibit three different patterns: 
i)  CF: the curve falls down steadily owing to extensive cracking and crushing of the concrete; 
ii) SF:  the curve drops off suddenly owing to fracture of the shear studs; and 
iii)  CF&SF:  the curve falls down gradually at first, and then drops off suddenly. 
It should be noted that SF means fracture of the weakest stud rather than all the studs during the test. 
After correcting to a concrete grade of 35 N/mm2, the normalized load-slippage curves are plotted in 
Figure 5 for direct comparison.  
It should be noted that the portions of the load-slippage curves under cyclic loads have been removed 
for ease of comparison. It is evident that the load-slippage curves for those specimens within a group are 
apparently identical. Moreover, various key parameters of the load-slippage curves are summarized in 
Table 1 for easy comparison. 
4.3 Standardized load-slippage curves and shear resistances 
In order to standardize the load-slippage curves, the formula for the load-slippage relationship of 
continuously loaded push-out test proposed by Ollgaard et. al. (1971) was adopted as follows: 
ED )e(QQ sm
 1                (3) 
where Qm is the shear resistance of the connection; Q is the applied shear force (kN); s is the slippage 
(mm); and the exponents Į and ȕ are coefficients to be determined in giving the best fit of the load-
slippage curves as the lower bound of the test data. After a systematic data analysis, the following two 
expressions are obtained: 
Q =113.9 (1 – e -0.65 s) 0.45 for standard push-out tests (4a) 
Q=101.6 (1 – e -0.65 s) 0.45 for modified push-out tests (4b) 
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The load-slippage curves represented by Eqn (4) are also plotted in Figure 5 for direct comparison. 
 
It is shown that both the load-slippage curves for the shear connections under i) simple shear forces, 
and ii) combined shear and tension forces are readily represented by the same expression, and hence, their 
structural behaviour are very similar to each other. Moreover, in the presence of a pull-out force which is 
equal to 0.267 of the applied shear force, the shear resistance of the connection is found to be reduced 
from 113.9 kN to 101.6 kN, i.e. a reduction of about 10%. 
Figure 5: Load-slippage curves of push-out tests normalized to Grade C35 concrete 
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5. Conclusions 
In order to provide technical guidance and design data on the structural behaviour of typical interfacial 
shear connections for building construction in Hong Kong, a total of twelve push-out tests were carried 
out to obtain the shear resistances of the shear studs in i) standard push-out tests where the shear studs 
were under simple shear force, and ii) modified push-out tests where the shear studs were under combined 
shear and tension. It should be noted that the standard test arrangement recommended by Eurocode 4 was 
adopted, and headed shear studs with a diameter of 19 mm and solid slabs with Grade 30 concrete were 
used.  
After data analysis on the test results, it was found that both the load-slippage curves for the shear 
connections under i) simple shear forces, and ii) combined shear and tension forces were readily 
represented by the same expression. Hence, their structural behaviour was very similar to each other. 
However, in the presence of pull-out forces which were equal to 0.267 of the applied shear forces, the 
shear resistances of the connections were found to be reduced from 113.9 kN to 101.6 kN, i.e. a reduction 
of about 10 %. Furthermore, it was found that the shear resistances of the connections were significantly 
larger than those corresponding design values given in the Hong Kong Steel Code (BD 2005). 
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